Abstract
Introduction

Rooting responses to P
137
A key component of the plant physiological response to P is the variation of root production 138 (Drew, 1975) . To ensure this would be factored into the model, an experiment was designed 139 to measure the difference in rooting characteristics in low and high P soils. Seeds were 140 incubated in aerated de-ionised water overnight at room temperature and then grown on moist 141 tissue paper until the roots reached 5 cm. This represents the start time in the model. These 142 seedlings were then planted in 50 ml centrifuge tubes each containing 55 g of either Morfa 143 Cambisol (low P, Olsen P = 12.6 mg l -1 ) or Eutric Cambisol (high P, Olsen P = 33.0 mg l -1 ) 144 soils (both Abergwyngregyn, UK), maintained at 80 % water holding capacity, and kept in a 145 greenhouse (as previously described) for 10 days. Despite this being a small mass of soil, the 146 plant available P supply remains significantly greater than the plant's total P demand over 147 such a limited timeframe ( Table 2 ). As the model assumes the relationship of soil solution P 148 to sorped P is at equilibrium, it was decided that using a soil high in native P that was already 149 at equilibrium would provide better high-P model fits than applying soluble P fertiliser to a 150 low-P soil, which would then perturb the sorption equilibrium. After 10 days the plants were 151 harvested and the root systems were washed in water to remove the soil, excised from the 152 remainder of the plant, dried to remove surface water with tissue paper and weighed to assess 153 the differences in root mass between low and high P soil environments (Table 3 ). The same 154 cultivation method was also used to produce plants with which to measure the impact upon 155 inter-branch distance of order 1 branches in low and high P soils (Table 3) : the inter-branch 156 distance measured by scanning each root system using the flatbed scanner (Epson Perfection
To estimate plant P demand, wheat seeds were germinated on moist tissue paper until the 
Soil tests
170
The relationship between P in solution (c, mol/l) and P held on the solid phase of soil 171 particles ( , mol/kg) is described by the soil buffer power (b), 
175
To determine b (a constant used within the mathematical model), and a sorption 176 isotherm was measured (Barber, 1984 order root (cm) and K i is the i th order root length (cm).
241
The value of for zero, first and second order roots is 0.466, 0.703 and 1.477, 242 respectively. For zero and first order roots < 1, which means root hairs effectively extend 243 the root radius by the root hair length. For second order roots > 1, which means the roots 244 hairs have a small uptake compared to the roots and are neglected. Experimental data showed 245 root hairs appearing everywhere on all ordered roots and as a result, increased root radius 246 occurred over the entire root length.
247
Equation (4) is used to construct a model for the nutrient uptake of a plant root system.
248
The root system consists of a distribution of roots of radius a and length l. 
where l n is the interval for each branching root.
255
Different order growing roots will have different radii a i , and will grow at different rates L i (t).
256
The elongation of roots of order i decreases with age and is described by,
where l is the length of the root (cm), r i is the initial rate of growth (cm d -1 ) and K i is the i th 258 order root length (cm).
259
The generate an equal number of branching roots, but the distribution will be exponential rather 280 than linear.
281
The two parameter family in equation (8) Simplifying and solving equation (9) The values of d i are prescribed to be equal to 100 cm and 7.9 cm for the main root and order 291 1 root, respectively, and N i equal to the number of roots for each given order calculated from 292 the experimental data presented in Table 1 . The chosen variable B will be bounded, such that 293 at its minimum, 0 cm -1 , the root branching is linear and at its maximum, 10 cm -1 , the root branching is exponential and almost all the side roots branch at the top of the branching zone. measured from the experimental data (0.067 cm) was also set as the minimum branching 299 distance in the model, i.e. at the upper bound when B=10 cm -1 . As we assume there is a 300 constant P concentration within the soil, every root is therefore given their own depletion 301 zone which does not overlap with others within the time frame.
302
For modelling purposes the growth angles of the roots in our experiments are not used,
303
all other values in Table 1 are used in the model. This is due to the fact that the initial P 304 concentration in the soil is constant, and roots will achieve the same uptake from any position;
305
it is therefore sufficient to just calculate the time at which a root started growing. This 
309
The second order roots are experimentally shown to grow where the density of root 310 mass is greatest rather than in a linear or exponential distribution. The greatest density of 311 second order roots on a first order branch was experimentally calculated to be 1.153 second 312 order roots per mm. Therefore the second order roots were modelled such that there were a 313 greater number of branches at higher density areas with the greatest density capped at 1.153 314 roots per mm. This distribution can be seen in Figure 3 where the position of the second order is a greater density of roots there. parameterise the model to estimate the P uptake for different root branching distributions in 326 soil possessing two contrasting P contents, 35.5 mg l -1 (high P) and 12.5 mg l -1 (low P)( Table   327 4).
Results
321
Model parameterisation
328
Experimental analysis showed that the biomass of roots grown in a low P soil was 329 reduced on average by 45% in 10 day-old plants compared to those grown in a high P soil,
330
and yielded a significant difference (P < 0.05; Table 3 ). However, the inter-branch distance 331 for the emergence of first order roots was not significantly greater when the roots were grown 332 in a high P environment (P > 0.05; Table 3 ). To capture this P-induced change in root 333 architecture within the model, the simulation scenarios for the low P soil had the maximum 334 root length for all order roots capped to match the experimental data. To determine the impact 335 of this capping, simulations were undertaken with both reduced and constant root mass. The 336 effects of a reduced root mass could present problems with current plant nutrition strategies,
337
and perhaps placement of nutrients could produce greater yields (Randall and Hoeft, 1988) .
339
Model simulations 340 Figure 4 shows the model predictions of plant P uptake across a range of P concentrations 341 within the soil for the different root branching distributions. For a given line of constant 342 branching distribution, there is a linear relationship between P concentration and P uptake (R 2 = 1 due to the model being deterministic). However, for the line of constant P concentration,
344
there is non-linear relationship between branching distribution and P uptake.
345
Three scenarios in particular were studied; a linear branching distribution in a low and 346 high P soil and an exponential branching distribution in a low P soil. For each of these 347 scenarios our model estimated the amount of P uptake by the whole root system (Fig. 5) . In 348 the high P soil, the model predicted that the plant would acquire 183% more P than a plant 349 grown in the low P soil. When the root branching distribution was changed from a linear to 350 an exponential pattern the model predicted that this improved plant P uptake by 142% in the 351 low P soil. This represents a reduction of 14.5% in comparison with plants grown in a high P
352
soil with a linear branching pattern.
353
The results for cumulative P uptake for the 3 root branching scenarios over a 90 d soil (red-solid). This is due to the fact that the side roots emerge earlier and therefore there is 359 a greater surface area to enable earlier P uptake. After 65 d, the linear branching distribution 360 in a high P soil catches up with and overtakes the exponential branching distribution in a low 361 P soil and can take advantage of the rich P environment. The shape of the P uptake curve is 362 defined by the branching distribution. In both linear root branching examples (red-solid and 363 blue-dotted) there is smooth hinge shape curve, however in the exponential root branching 364 example (green-dashed) a saturation growth curve is observed, which is expected as the root 365 system grows to its full length.
366
With the negative effect of reduced root mass in the low P soil (Fig. 5b) , the 367 difference between the low and high P soil was magnified. Plant P uptake for the exponential branching distribution in a low P soil (green-dashed) fell by 74% compared to when the root 369 system growth was not capped (Fig. 5a ) and matches a linear exponential branching 370 distribution with an effective Olsen P index of 3.7 (39 mg l -1 ). Changing from a linear to an 371 exponential branching distribution improves P uptake by 151% in the low P soil, but this is a 372 large decrease of 78% when compared with a high P soil using a linear branching pattern; 373 which is expected given the large reduction in root mass.
375
Model validation and optimisation
376
The estimated P uptake from our model was compared with the experimental data collected 377 for a root system grown in a high and low P environment (Table 2 , Fig. 6 ). The parameter for 378 the root branching structure, B, was fit to minimise the sum of squares difference between our 379 model and the experimental data. The estimated total plant P uptake fits well with 380 experimental data within the initial 10 d of growth; for the comparisons, high P with B=1.5 381 cm -1 and high P data, and low P with B=7 cm -1 and low P data. The scenario for a low P soil 382 with B=7 cm -1 is not enough to capture the effects of the experimental high P uptake, because
383
it is difficult to overcome the 45% reduced root mass and beyond the 10 day mark this 384 difference is amplified.
386
Discussion
387
The important question that needs addressing is how alteration of root system architecture 388 could (by breeding or genetic manipulation) produce greater P uptake. To that end, the model
389
by Roose et al. (2001) has been adapted by introducing a parameter that changes the root 390 branching distribution. Our model has two parameters that we will directly manipulate, the 391 nutrient concentration in the soil c and the root branching distribution parameter B. By looking at the effect of changing the P level against the root branching distribution, by 393 altering c (Table 4) and B, the P uptake is estimated.
394
Our study estimated the P uptake using our experimental soil and plant parameters 395 found in Table 1 . Our model is adapted from Roose et al. (2001) such that the branching 396 density distribution is allowed to change from linear to exponential, to see the effects that 397 root structure with different P concentrations in the soil, has on P uptake. Three scenarios 398 were considered, a high and low P concentration level with a linear branching distribution 399 and a low P concentration with an exponential branching distribution. In these scenarios the 400 effect of reduced root mass in low P soils is considered, as seen in our experimental results.
401
The experimental P uptake (Table 2 , Fig. 6 ) fits best with a weak exponential root branching 402 distribution for P3 data, which can be seen for certain crops. A shift towards increased early 403 lateral rooting has previously been shown experimentally to increase P uptake efficiency depth dependent data of available soil P. This is the subject of our follow on work which will 414 be published separately.
415
Our model shows that changing the root structure of the plant, to produce more lateral 416 roots earlier, has a positive effect on the uptake and can help plants survive in lower phosphate environments. This is corroborated by previous experimental approaches (Zhu & 418 Lynch, 2004 ). On average a 147% increase in P uptake is achieved from having a highly 419 exponential root branching distribution over a linear one. However this positive increase is 420 not enough to completely overcome the difference between a high and low P soil 421 environment. Therefore, although increasing early lateral root production will enhance P 422 uptake, other plant and fertiliser based strategies would be required to produce the required 423 yields at low soil P levels. For example, an increase to all root lengths of all orders in 424 combination with the exponential root branching distribution is sufficient, as only an 8% 425 improvement is needed to match an exponential branching distribution in a low P soil, with a 426 linear branching distribution in a high P soil (without accounting for the reduced root mass in 427 a low P soil).
428
The exponential branching distribution however does provide greater early P uptake 429 in low P soils when compared to linear branching root systems grown in high P (Figure 4a ).
430
Early growth, and yield size, have been shown to be most significantly correlated with early 431 P uptake levels (Boatwright and Viets, 1966; Brenchley, 1929; Grant et al., 2001; Green et al., 432 1973), and greater early P uptake, and the corresponding early vigour seedlings display is 433 also viewed by industry as insurance against problems which may occur in the growing 434 period such as adverse weather conditions. Vigorous early growth also provides quicker soil 435 surface cover, and therefor is useful in the reduction of soil erosion which can be a significant press). distribution (B = 1.5 cm -1 ), and a low P with a strong exponential distribution (B = 7 cm -1 ).
